A photoanode with Ga-doped ZnO nanorods has been prepared on F-doped SnO2 (FTO) coated glass substrate and its application in dye-sensitized solar cells (DSSCs) has been investigated. Gadoped ZnO nanorods have been synthesized by an electric-field-assisted wet chemical approach at 80˚C. Under a direct current electric field, the nanorods predominantly grow on cathodes. The results of the X-ray photoelectron spectroscopy and photoluminescence verify that Ga dopant is successfully incorporated into the ZnO wurtzite lattice structure. Finally, employing Ga-doped ZnO nanorods with the length of ~5 μm as the photoanode of DSSCs, an overall energy conversion efficiency of 2.56% is achieved. The dramatically improved performance of Ga-doped ZnO based DSSCs compared with that of pure ZnO is due to the higher electron conductivity.
Introduction
Dye-sensitized solar cells (DSSCs) have drawn much attention as a promising renewable energy technology because of their low cost, environmental friendliness and large-scale solar energy conversion [1] [2] . As a result, energy conversion efficiency (PCE) exceeding 12% has been achieved using mesoporous films of sintered TiO 2 nanoparticles as the photoanode [3] [4] . The photovoltaic performance of the typical DSSCs with TiO 2 nanocrystalline photoanodes has been hampered by electron loss during percolation in the nanoparticle network [5] [6]. However, one-dimensional (1D) nanostructures, such as nanowires (NWs), nanorods (NRs) and nanotubes (NTs), can provide direct electric pathways and reduce the electron recombination, which may improve the performance of photovoltaic devices such as DSSCs [7] [8] . However, most of 1D nanostructured DSSCs have been limited to single-crystalline ZnO NRs/NWs or TiO 2 NWs/NTs by available synthetic techniques [7] - [12] . Compared to TiO 2 , ZnO shows higher electron mobility with similar bandgap and conduction band energies and more abundant morphologies [13] - [15] . Driven by this, ZnO is regarded as an alternative for high efficient DSSCs. Among the various nanostructures, the application of highly ordered 1D ZnO nanostructures in DSSCs is of prime interest [11] [16] .
It is known that nominally undoped ZnO reveals n-type conduction with a typical carrier concentration of 10 17 /cm 3 , which is smaller than the carrier concentration of 10 18 to 10 20 /cm 3 in optoelectronic applications [17] . The n-or p-type doping of ZnO to increase the carrier concentration or decrease the resistivity remains a significant challenge. Controllable n-type doping in ZnO with high conductivity can be easily achieved by substituting Zn or O with group III elements such as Al, Ga, In or group VII elements such as Cl, Br and I [18] - [24] . Among these elements, Ga is the most effective n-type dopant in ZnO since the covalent bond length of Ga-O (1.92 Å) is nearly equal to that of Zn-O (1.97 Å). Moreover, the group III elements doped ZnO are believed to have more potential for diverse applications, including microelectronics, chemical and biological sensor, energy conversion and storage, light-emitting displays, catalysis, drug delivery, and optical storage [18] [19] [23] .
Most techniques to obtain 1D ZnO require the temperature above 500˚C. The successful growth of 1D ZnO via an aqueous solution route suggests an opportunity for low temperature doping [24] - [28] . However, simple addition of group III metal compounds to the growth solution does not result in incorporation of dopants into ZnO [24] . In this study, we extend the solution method to an electrochemical process by applying a negative potential to the substrate. Ga-doped ZnO NRs can be obtained at a growth temperature of 80˚C. The optical and electrical properties of Ga-doped ZnO NRs were discussed in detail associated with the results of X-ray photoelectron spectroscopy (XPS) and photoluminescence (PL) measurement. Using 1% Ga-doped ZnO NRs as photoanode for DSSC, the photovoltaic performance of DSSC was examined. Therefore, this work will help to develop flexible DSSCs and provide a novel strategy of using solar cells for power nanodevices.
Experimental Section

Synthesis of Ga-Doped and Pure ZnO Nanorods
The synthesis of Ga-doped ZnO nanorods (NRs) was conducted in an aqueous solution including 9.5 mM Zn(NO 3 ) 2 ·6H 2 O, 0.5 mM Ga(NO 3 ) 3 ·6H 2 O, and the proper amount of hexamethylenetetramine (HMT). The pH value of the solution was adjusted to about 7 by addition of appropriate amounts of ammonia. An Electric field was applied between a Zinc sheet anode and a FTO glass substrate cathode in a common two-electrode plating cell at a temperature of around 80˚C for 1 h. The applied direct current (dc) voltage was −0.8 V. The distance between the electrodes was 4 cm. After deposition, the samples were washed carefully with deionized water and absolute ethanol before further characterization. For comparison, pure ZnO NRs were grown by the same procedure.
To grow ZnO:Ga nanorod arrays on FTO glass substrates, a ZnO buffered layer was first deposited on the surface of FTO substrates by radio frequency (rf) magnetron sputtering using a ZnO target with 99.99% purity at room temperature.
Fabrication of Nanorod-Based DSSCs
Prior to the solar cell assembly, the NRs photoanodes were annealed at 450˚C for 30 min. Annealed electrodes were soaked in 0.3 mM of ruthenium (II) dye (known as N719, Dyesol) in a tert-butanol/acetonitrile (1:1, V/V) solution for 2 h. The electrodes were washed with acetonitrile, dried and immediately used for assembling the DSSCs. The cells, whose active area was 0.16 cm 2 , were fabricated by using the dye-adsorbed photoanode and a platinized counter electrode. The two electrodes were clipped together and a Himilan film (Solaronix), with 10 μm thickness, was used as the spacer. The internal space of the cells was filled with liquid electrolyte by capillary action. The electrolyte was composed of 0.5 M butylmethylimidazolium iodide (BMII), 0.05 M iodide (I 2 ) and 0.5 M 4-tert-butylpyridine and 0.1 M guanidinium thiocyanate (GuNCS) in a solvent mixture of 85% acetonitrile with 15% valeronitrile by volume. The DSSCs were then heated to 120˚C to soften the spacer and seal the edges to prevent the leakage of the electrolyte.
Characterization and Measurements
The size and morphology of as-prepared produces were observed by field-emission scanning electron microscopy (FE-SEM, JSM 6700F). Transmission electron microscope (TEM), high-resolution TEM (HRTEM) images and selected-area electron diffraction (SAED) patterns were obtained on a transmission electron microscope (TEM, FEI Tecnai G2, accelerating voltage: 200 kV). The chemical compositions of Ga-doped ZnO NRs were measured by X-ray photoelectron spectroscopy (XPS) at room temperature. The photoluminescence (PL) spectra of the samples were characterized using a 325 nm He-Cd laser. An electrical transport measurement (two-probe) was conducted in a home-built system. A Keithley millimeter was used to determine nanoscale electrical characteristics in nanoscale materials. Photovoltaic measurements were recorded employing an Oriel solar simulator system (100 mW/cm 2 ) with an AM 1.5 spectrum distribution.
Results and Discussion
Figure 1 presents (a) plan view and (b) cross-sectional view FE-SEM images of the grown Ga-doped ZnO NRs. It is observed that densely packed arrays of Ga-doped ZnO NRs have been perpendicularly grown on the surfaces of the FTO substrates. The size of the grown NRs is ~ 100 -200 nm in width and ~5 um in length. The Ga-doped ZnO NRs are uniform, vertically oriented and well-aligned over the entire substrate. The layer appears to be homogeneous and uniform. There is excellent adherence and connection between Ga-doped ZnO NRs and FTO substrate. The morphology of the NRs shows a hexagonal structure, which is due to the wurtzite ZnO structure. Transmission electron microscopy (TEM) was employed to characterize the Ga-doped ZnO NRs. The TEM image in Figure 2 depicts the crystal structure of ZnO NRs and the diameter of ~ 100 -200 nm. The SAED (the upper inset in Figure 2(a) ) demonstrates that the nanorod is a single crystallite. The indexed diffraction spots confirm that it is hexagonal ZnO with a growth direction along [001] and Ga has been successfully incorporated To further confirm the purity and composition of Ga-doped NRs, XPS analysis has been performed. The XPS spectra of Ga 2p and Zn 2p are shown in Figure 3 . The spectrum in Figure 3(a) exhibits two significant binding energy peaks at 1117.88 and 1144.35 eV corresponding to the electronic states of Ga 2p3/2 and Ga2p1/2 respectively. Two small satellite peaks come out along with Ga2p peaks, which confirm the successful substitution of Ga into ZnO NRs. Two peaks at 1021.04 and 1044.03 eV corresponding to Zn2p3/2 and Zn2p1/2 appear in Figure 3(b) . The energy difference is 26.47 eV between two Ga2p peaks and 22.99 eV between two Zn2p peaks, which agrees with the standard value of 26.84 and 22.97 eV, respectively [29] [30] . From close observation, it is learned that binding energy of Ga2p peaks exhibit a positive shift in comparison to standard value of Ga, probably caused by electron transfer from ZnO to Ga due to the strong electronic interaction between Ga and oxide support. In contrast, the binding energy of Zn2p peaks exhibits a negative shift due to the electronegativity (χ) difference between Zn (χ = 1.65) and Ga (χ = 1.81). The scan of O1s spectrum is not shown here, exhibiting a peak at 530.3 eV attributed to oxidized metal ions in the NRs, viz, O-Ga and O-Zn, in the ZnO lattice. This implies that Ga doping can significantly influence the structure of valence band states. Therefore, XPS analysis again confirms the successful incorporation of Ga into ZnO NRs. Samples grown without applied potential were measured no dopant, suggesting the electric field plays a key role in the doping process.
The above electric-field-assisted growth of Ga-doped ZnO NRs was reproducible. The growth behaviors of the NRs were likely attributed to the interaction of electric field and chemical reactivity. When a dc power was applied, the chemical reaction in the solution was adjusted by applied potential, which determined the interfacial free energy. The formation process of ZnO:Ga deposits was investigated here. When the electric field was carried out, Ga 3+ and Zn 2+ ions will be transferred from bulk solution to cathode, obtaining electrons on the surface of the cathode to form Zn and Ga atoms (Equations (1)- (2)). These newly formed Ga and Zn atoms are very active, and rapidly react with O 2 and H 2 O in solution to form oxides via reactions. Furthermore, high-temperature (80˚C) can also promote the corrosion of electro-induced Zn and Ga atoms to form the stable passive phase ZnO and Ga 2 O 3 . In addition, the negative potential at the cathode surface resulted in the concentration of hydroxide ions and the consequent formation of ZnO and Ga 2 O 3 (Equation (3)- (5)). The produced ZnO and Ga 2 O 3 will mix at molecular level, and Ga 2 O 3 can uniformly enter into the crystal lattices of ZnO, finally leading to the formation of ZnO:Ga 3+ [31] . Room-temperature PL curves in Figure 4 (a) reveal that the near-band edge (NBE) emission peak shifts from 376.3 nm (3.29 eV) in pure ZnO to 382.5 nm (3.25 eV) in Ga-doped ZnO, while the emission intensity decreases with Ga doping. A small red shift in UV emission and the apparent band gap narrowing related to Ga doping are attributed to semiconductor-to-metal transition [18] [32] [33] . The band gap of a semiconductor increases when the impurity concentration is below Mott's critical density. However, an abrupt decrease in band gap would occur when the impurity concentration is above Mott's critical density. In the present study, the red shifts in the emission peak of Ga-doped ZnO NRs (6.2 nm) suggest that the impurity concentration is higher than Mott's critical density. Actually, Ga heavily doped ZnO shows metallic behavior [18] . The intensity of NBE emission decreases slightly in the Ga-doped sample as compared to the pure one, and all the PL spectra are normalized to maximum emission peaks. A significant difference is observed in the intensity ratio of NBE emission to the defect emission centered at ~580 nm, which is usually ascribed to the O-related native defect states in ZnO. In fact, such defects are clearly suppressed in the Ga-doped sample. One should note that Ga doping in ZnO modify the electronic structure of ZnO. At low doping concentrations (below 10 20 /cm 3 ), the substitutional Ga atoms on Zn sites form a shallow donor level, which will increase the free electron density, compensate the positive O vacancy defects, and suppress O vacancy formation in the ZnO lattice [34] . This is consistent with our experimental observation of depressed O defect emission in room-temperature PL spectrum of the low doping concentration of Ga.
The schematic illustration of NRs/buffer-layer/FTO glass substrate and its external circuit for I-V measurement are shown in Figure 4 (b). For ohmic contact, an Au/Ti bilayer was deposited by magnetron sputtering on the surface of Ga-doped ZnO NRs and FTO substrate, and patterned with a shadow mask. I-V spectra on undoped ZnO and Ga-doped ZnO NRs as well as calibration experiments were performed to ensure reproducibility. Black curves and red curves correspond to the spectra of undoped and Ga-doped ZnO NRs, respectively. A significantly steeper rising slope in I-V spectra is clear in Ga-doped ZnO NRs in comparison with those in the undoped NRs. It confirms the conductivity enhancement in NRs due to Ga doping, which is similar to the reports [32] [35] .
In a preliminary attempt, Ga-ZnO NRs with a thickness of approximately 5 μm were fabricated for use as photoanode in DSSC tests (see Figure 5 ). For comparison, an undoped ZnO NRs photoanode with the same thickness was also constructed. Figure 6 demonstrates the characteristic photocurrent-voltage (J-V) curves under AM 1.5 sunlight illumination (100 mW•cm −2 ) and their photovoltaic parameters derived from the J-V curves are summarized in Table 1 . An overall solar to electrical PCE (η) of 2.56% was achieved for Ga-ZnO NRs based DSSC with a current density (Jsc) of 8.88 mA•cm −2 , opencircuit voltage (V OC ) of 0.59 V, and fill factor (FF) of 0.49, much higher than the performance of ZnO NRs based DSSC (η = 1.07%, Jsc = 4.50 mA•cm −2 , V OC = 0.55 V, FF = 0.43). The data demonstrates that PCE can be enhanced more than 2 times by doping Ga into ZnO. The improvement in PCE value of Ga-ZnO NRs DSSC is obviously caused by the higher Jsc. The significantly enhanced PCE and Jsc in Ga-doped ZnO based DSSCs could be attributed to the improved conductivity of Ga-doped ZnO layer. The slightly higher V OC of Ga-ZnO based DSSCs should be a result of the addition of Ga into the ZnO to decrease charge recombination [36] . The thickness of ZnO thin films in our device is about 5 μm, much thinner than that in the previous work, resulting in a decrease of PCE due to deterioration of the transparency [11] [37] . We can further improve the PCE of our DSSCs with either pure ZnO or Ga-doped ZnO by controlling thicknesses of a nanostructured ZnO layer. We believe that the current PCE (2.56% for Ga-doped ZnO based DSSCs and 1.07% for pure ZnO based DSSCs) is enough to evaluate Ga-doping effect on the active layer in DSSCs.
Conclusion
Ga-doped ZnO NRs were successfully prepared on FTO substrates by the electric-field-assisted wet chemical method. XPS and PL results manifested that Ga atoms had been doped effectively into the ZnO lattices. A 5 μm thick Ga-doped ZnO NRs photoanode based DSSC showed a solar to electrical energy conversion efficiency (PCE) of 2.56%, while the efficiency of a cell with ZnO NRs photoanode was 1.07%. The dramatic enhancement of the PCE of the Ga-doped ZnO-based DSSCs is due to the higher electron conductivity. Further experiments are underway to investigate the effect of the fundamental geometrical features of Ga-ZnO NRs on solar cell conversion efficiency. These will lead to new strategies for improvement.
